Abstract -An analytical technique for predicting the rotor eddy current loss in brushless motors equipped with surface-mounted permanent magnets is described. The analytical model, formulated in polar coordinates and based on the calculation of the two-dimensional magnetostatic field in the airgaphagnet regions, enables the eddy current loss to be calculated in the permanent magnets and the retaining sleeve, if fitted, of motors having either radial or parallel magnetised magnets and either overlapping or non-overlapping stator windings, and can cater for any specified load condition. The technique is applied to a brushless dc traction machine, in which the rotor loss is due predominantly to time harmonics in the stator armature reaction field which resulted from commutation events, and loss predictions are compared with thermometric-based measurements. Good agreement is achieved at low speeds. However, a significant discrepancy exists at high speeds, due to the neglect of the eddy current reaction field. This will be accounted for in a refined analytical model to be described in Part 11.
I. INTRODUCTION
Permanent magnet brushless ac and dc machines are generally considered to have negligible rotor loss, since the rotor rotates in synchronism with the fundamental stator mmf. However, due to time and space harmonics in the airgap field, due to slotting [1] [2], non-sinusoidal stator mmf distribution [3], and non-sinusoidal phase current waveforms, resulted from six-step commutation [4] and PWM [5], eddy current losses are induced in the permanent magnets, the rotor back-iron, and the metallic retaining sleeve (if fitted). In general, however, the rotor eddy current loss is relatively small compared with the stator copper and iron losses. Nevertheless, it may cause significant heating of the permanent magnets, due to the relatively poor heat dissipation from the rotor, and result in partial irreversible demagnetisation, particularly of NdFeB magnets, which have relatively high temperature coefficients of remanence and coercivity and a moderate electrical conductivity.
In this paper, a comprehensive analytical model for calculating the rotor eddy current loss, based on a 2-d polar co-ordinate model and the calculation of the magnetostatic field distribution in the slotted airgaplmagnet regions, is developed. It enables the eddy current loss in both a conducting retaining sleeve and the permanent magnets, for both parallel and radial magnetisations and under any specified load condition, to be determined. Predicted losses are compared with thermometrically measured losses in the rotor of a 45kW, 3,000 rpm, 12-pole permanent magnet brushless dc traction machine.
ANALYTICAL PREDICTION OF MAGNETIC FLELD DISTRIBUTION IN ROTOR REGION
In the following analysis, the eddy current reaction field in the retaining sleeve and permanent magnet regions is assumed to have a negligible modifying effect on the inducing field. However, this will be accounted for in Part 11. Since the analysis is based on a twodimensional polar co-ordinate model, end-effects are ignored, and the induced eddy current is axially-directed only. The retaining sleeve can be either conducting or non-conducting, but is assumed to be non-magnetic. Further, the sleeve and the permanent magnets are assumed to be homogeneous, and characterised by constant isotropic magnetic permeabilities, and A, respectively, and isotropic electrical conductivities, ql and a , , respectively. The magnetic field distributions produced by permanent magnets and the stator armature mmf are first derived neglecting the effect of stator slotting, and their modifying effect is accounted for subsequently by introducing a '2-d' permeance function.
By solving Laplace's equation in the airgap region and the quasi-Poissonian equation in the permanent magnet region, subject to appropriate boundary conditions, the magnetic field distribution in the airgap and permanent magnet regions can be deduced, for both radial and parallel magnetised magnets, as described in (61, (in which the field solution is given only for radial magnetisation). The radial components of flux density can be derived as:
in the magnet (2) where R,, R, , and R, are radii of stator bore, magnet surface, and rotor bore, respectively, p is the number of pole-pairs, 0 = 0 is referenced to the axis of a magnet pole, and c, = An = { (np-$)%+, 1 for parallel magnetisation "P for radial magnetisation
where B, and q, are the remanence and pole-arc to polepitch ratio of the magnets, respectively. The armature reaction field produced by the stator windings is deduced by representing the stator ampereconductors as an equivalent current sheet, distributed across the slot-openings. The radial components of flux density in the airgap and magnet regions, for both overlapping and non-overlapping 3-phase windings, where g'= IRS -RrI, W is the number of series turns per phase, K,,, is the slot-opening factor and K,,, is the winding factor, and a = 0 is referenced to the axis of phase A, whose current is zero at t = 0. F J r ) is a function which accounts for the effect of curvature, and is dependent on the radius and harmonic order, and is defined as [6]:
Boc-mng ( r , e ) = B m n g n e r ( r . 6 ) .A(r*a)
where X(r,a) is a '2-dimensional' relative permeance function which is calculated by the conformal transformation method, details of which are given in [6].
For simplicity, it can be expressed as:
k =O Similarly, the field produced by the stator currents is:
where N, is the number of stator slots, a = 0 + a r t , and transforms the field distribution from the stationary coordinate a to the rotating reference frame 0 .
ROTOR Loss CALCULATION
The relationship between the time-varying airgap field and the rotor induced eddy currents is given by:
where Br(r,6) is the radial component of the field distribution in the retaining sleeve or the magnets, and d is the associated electrical conductivity.
The resulting eddy current loss is determined from :
2 n @r where T = -, La is the axial length of the rotor, and R I and R2 are the inner and outer radii of the rotor retaining sleeve or magnet region, respectively. By applying equations (9) and (10) and simplifying the algebra, the total eddy current loss which results in the retaining sleeve due to the effect of the stator slot openings is given by:
Similarly, the eddy current loss in the permanent magnets can be obtained as:
The total open-circuit tooth-ripple eddy current loss (13) is given by:
Po, = Po, -slv + Po, -ma* Similarly, the eddy current loss which results in the retaining sleeve and permanent magnets due to the effect of the armature reaction field can be deduced as:
armature reaction field is given by whilst the total eddy current loss under any specified load condition can be obtained from: Thus, the total rotor eddy current loss due to the 
IV. COMPARISON W m FINITE ELEMENT PREDICTIONS

AND MEASUREMENTs
The developed analytical models for calculating the magnetic field distribution and rotor loss has been applied to a 3-phase, 45kW. 3000rpm. 12-pole brushless dc traction machine, whose main parameters are given in Table 1 . The machine was equipped with surfacemounted, parallel magnetised sintered NdFeB magnets, and had a 2 slotlpoldphase overlapping stator winding.
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A. Comparison of Analytical and Finite Element Calculated Field Distributions
On open-circuit, the rotor eddy current loss results from localised variations in the magnet working point due to the modulation of the airgap permeance by stator slotting. This results in harmonic field components, which are not in synchronism with the rotor. Fig. 1 compares analytically and finite element predicted distributions of the radial component of flux density at three different radii, viz. at the outer, centre and inner surface of the permanent magnets (at t=Os). It'should be noted that the field distributions are plotted with respect to the stationary reference frame, and that in order to determine the loss in the rotor magnets, a transformation to the rotor rotating reference frame is required. The resulting analytically determined field distributions are shown in Fig. 2 . From Figs. 1 and 2, it will be observed that, for this particular machine, the amplitude of the tooth-ripple field is relatively small, (peak value 4.05T at surface of magnets), due to the narrow stator slot openings (b0=1.5mm) and relatively I\arge airgap length (g=I.Smm), and that the tooth ripple field decays rapidly in passing from the outer to the inner surface of the magnets. As a consequence, as will be seen later, toothripple loss in the magnets is very small.
By employing the full-load phase current waveform of the traction machine at the rated speed of 3000 rpm, the armature reaction field distributions were also calculated, as shown in Figs.1 and 2 , referred to the stationary and rotating reference frames, respectively, again at t=Os. It will be seen from Fig2 that amplitude of the space harmonics of the armature reaction field at the surface of the magnets are similar to the tooth ripple field, but it remains high along the whole radius in the magnets, which, together with the time harmonics of the armature reaction field due to the commutation effect, gives rise to high eddy current loss.
B. Comparison of Predicted and Measured Rotor Loss
Due to the relatively narrow stator slot openings and large airgap, the tooth ripple loss in the rotor magnets is predicted to be only 4.3W at 3000rpm. In contrast, the rotor loss due to harmonics in the armature reaction field, in which time harmonics due to commutation events are much more significant than space harmonics associated with the winding distribution, is predicted to be very significant, as has been confirmed by thennometrical measurements. The analytically predicted losses were based on the measured phase current waveforms. By way of example, Fig. 3 shows the measured waveforms for 100 A(rms) at 3000 rpm, with normal commutation, whilst Fig. $ I compares the analytically calculated and thermometricidly deduced magnet loss at currents of 50 A(rms) and 100 A(rms). As can be seen, although good agreement is achieved at low speeds the discrepancy becomes significant as the speed increases. Thus the developed analytical model is appropriate only for predicting the loss at relatively low excitation
frequencies. As will be demonstrated in Part II, by accounting for the influence of the eddy current reaction field much better agreement can be achieved over the entire operating speed range.
V. CONCLUSIONS
An analytical model has been developed to predict the loss in both the retaining sleeve and magnets for any specified load condition. Analytically calculated losses have been compared with the losses deduced from thermometric measurements on a brushless dc traction machine, for which the loss due to time harmonics in the armature reaction field predominates. However, it has been shown that the developed magnetostatic model yields good agreement only at relatively low inducing frequencies. In Part 11, an improved analytical model for calculating the armature reaction induced rotor loss, which accounts for the eddy current reaction field, will be described.
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